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The Nafion membrane was modified using chemical deposited 
Pd in an effort to reduce methanol crossover in DMFC.  The 
surface morphology, crystal structure and chemical 
composition of the Pd-deposited membranes were characterized. 
The glass transition temperature (Tg), proton conductivity and 
methanol-inhibiting performance of the Pd deposited 
membranes were studied and compared with those of non-
modified membranes. It was shown that Pd-modified 
membrane exhibited better performance in methanol inhibition 




One of the challenges faced in commercial applications of direct methanol fuel cells 
(DMFC) is methanol crossover through the polymer electrolyte membrane (mainly 
Nafion® series membranes) from anode to cathode. Methanol crossover not only results 
in a waste of fuel, but also causes an internal chemical short to the fuel cells and lowers 
the cell performance. Most of the methanol crossed from the anode will be 
electrochemically oxidized at the cathode. Such an oxidation reaction lowers the cathode 
potential and also consumes some cathode reactants. 
 
To reduce methanol crossover, one of the methods was modifying current polymer 
electrolyte membrane. Various modifications on commercially available Nafion® 
membranes by using fillers or coatings and by re-casting have been actively investigated. 
Metallic palladium (Pd) is theoretically impermeable to methanol but shows sufficient 
permeability for hydrogen, thus, a Pd foil(1, 2), sputtering(3-6) or electroless plating(7, 8) 
Pd into Nafion® membranes becomes very promising in the mitigation of methanol 
crossover. Other modifications(9-12) such as self-assembled(13, 14) were also reported 
for Pd modifications. 
 
Pu et al.(1) fabricated a composite electrolyte from plenty of modified and 
unmodified 25µm thick Pd foil, then sandwiched it between two Nafion115 membranes. 
They showed that the open-circuit voltage (OCV) for an H2/O2 fuel cell at 100±2oC 
utilizing the composite electrolyte was unaffected, indicting that it was active for 
hydrogen transport. While the OCV was also unaffected by introduction of methanol to 
the H2 fuel stream, suggesting that the methanol crossover was eliminated. But the cell 
performance decreased with a high total ohmic resistance. Shim et al.(2) used a Pd foil of 
25µm in thickness treated with Pt and then saturated with hydrogen. The cell 
performance with the modified membrane was improved by more than five times via I-V 
curves of single cell test. 
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The Nafion® membranes with Pd modifications were found to decrease(3, 9, 11, 12) 
and slightly increased(7, 10) or varied little(13, 14) the proton conductivity. It was 
suggested that the Pd-modified membrane was suitable for high concentration methanol 
as anodic fuel. The methanol permeability changed from 64mA⋅cm-2 to 57mA⋅cm-2 for 1 
mol⋅L-1 CH3OH, while from 267mA⋅cm-2 to 170mA⋅cm-2 for 5 mol⋅L-1 CH3OH when 
utilizing the Pd modified membranes(7). Kim et al.(12) indicted that using 10mol⋅L-1 
CH3OH the power density of Pd-impregnated Nafion membrane was superior to pure 
Nafion. Tian et al.(10) also confirmed with the superior performance of Pd modified 
membrane at 2mol⋅L-1 and 5mol⋅L-1 CH3OH. 
 
Although Pd-modified membranes exhibit better cell performance and methanol 
inhibiting performance, the accurate mechanisms for the performance improvement have 
not been well understood. In order to control the structural and conductive properties of 
Pd-deposited membranes, it is very important to figure out where Pd locates and what 
state Pd exists within the membrane, and whether the membrane structure is changed by 
Pd deposition. Various methods including SEM, EDS and XRD(3, 5-10), AFM(4, 14), 
TEM outside (10, 13, 14) or within membranes(7, 9, 11, 12) have been applied to clarify 
the role of Pd. Tang et al.(13) proposed that the synthetical Pd particles of 1.8nm were 
smaller than SO3- cluster (∼4nm) but larger than SO3-  cluster-bridge channels (∼1nm), 
thus the Pd particles could be anchored into SO3- clusters without entering into the 
Nafion membrane. Tian et al.(10) found that Pd nanoparticles, stabilized by oleylamine, 
had a multi-armed structure with a diameter of 2~3nm. Kim et al.(12) showed that Pd 
nanophases were about 4nm in size and dispersed well in the membrane, while the d-
spacing of Pd(111) plane in the Pd-metallic nanoparticle was 0.2226nm. In addition, 
SAXS and XPS are useful to determine membrane structure and chemical state of 
elements. Kim et al.(9) found that the peak intensity at q~2.0nm-1 of SAXS data 
decreased with increase of the Pd content incorporated into Nafion matrix, and the qmax 
was not affected by Pd content, suggesting that the Pd nanoparticles didn’t disturb the 
inter-cluster spacing of Nafion despite the Pd state. Tian et al.(10) reported that palladium 
existed on the surface of Nafion® membrane as Pd(0) by XPS analysis. 
 
This work was aimed to provide fundamental understanding in the paths through 
which Pd influences the proton conductivity and methanol crossover of modified Nafion® 
membranes by chemically depositing Pd. A series of membranes were prepared by 
depositing different quantities of Pd in PdCl2 solutions followed by reduction in NaBH4 
solutions. The structure, chemical composition, proton conductivity and methanol-
inhibiting performance of Pd-modified Nafion®112 membranes were examined and 






The Nafion®112 (Du Pont, USA) membranes were pretreated to remove dirt, organic 
impurities and inorganic metal ions. The treated membranes were then immersed in 
5mmol⋅L-1 PdCl2 solution with ultrasonic stirring for 30min., 60min., 90min. and 
120min., respectively, while maintaining the solution temperatures at 30~40oC. Then the 
membranes with different Pd depositing time were reduced in 0.5mol⋅L-1 NaBH4 solution, 
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Membrane Characterization 
 
The surface morphology, crystal structure and chemical composition of the Pd-
deposited membranes were examined by field emission scanning electron microscopy 
(FESEM), high resolution transmission electron microscopy (HRTEM), wide angle X-ray 
scattering (WAXD) and X-ray photoelectron spectroscopy (XPS). The glass transition 
temperature, proton conductivity and methanol permeability of the membranes with or 
without Pd modifications were studied by dynamical mechanical thermal analysis 
(DMTA), electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV), 
and compared with those of non-modified membranes. 
 
WAXD Analysis. The XRD spectra were obtained using Philips Panalytical X'pert 
diffractometer (Holand) with CuKα radiation operated at 40kV and 30mA. The data were 
collected in the Bragg angle of 10°~90° using a step size of 0.0167° and a counting time 
of 15s per step. 
 
FESEM and HRTEM Characterizations. The surface morphologies were observed 
using a LEO 1530 field emission scanning electron microscope (Germany) which was 
operated at 5kV. The TEM samples were prepared by epoxy impregnation and 
ultramicrotome (Leica Ultracutr) sectioning with a glass blade. Then the samples were 
directly supported on a copper mesh with a thin Formvar® film. The HRTEM 
observations were carried out using a JEM-2100HTEM transmission electron microscope 
(Japan) which is equipped with an EDS (INCA Energy 400, Oxford Instruments, 
England) for elemental analysis at an accelerating voltage of 200kV. 
 
XPS Analysis. The XPS analysis was performed using Quantum 2000 Scanning 
ESCA Microprobe (Physical Electronics Company, USA) with AlKα radiation. The 
passing energy was 187eV for survey spectrum and 58.7 eV for core level spectrum. The 
binding energies are referenced to the C 1s photoelectron peak (binding energy=284.8eV). 
 
DMTA Analysis. The DMTA analysis was performed using Rheometric Scientific 
DMTA IV dynamical mechanical thermal analysis instrument (Rheometric Scientific 
Company, USA) in the temperature scanning range of room temperature ~ 150oC, with 
heating rate of 2oC⋅min-1, loading frequency of 1Hz. Test fixture was stretch clamp, and 
the sample size was 25mm in length, 5mm in width. 
 
Methanol crossover Tests 
 
The membrane samples with a diameter of 30mm were inserted into a H-shape cell 
which consists of two compartments as anode and cathode sides. The solution of anode 
side was 1mol⋅L-1 CH3OH in 0.5mol⋅L-1 H2SO4, and an equal volume of 0.5mol⋅L-1 
H2SO4 was introduced to cathode side. The solution at the cathode was tested after 48h 




Cyclic voltammetry was used to qualitatively analyze the solution in the cathode side. 
Catalysts was Pt/C (40 wt.%, Johnson Matthey). The well-mixed catalyst inks were 
dropped to the surface of glassy carbon electrodes in a geometric area of 0.196cm2 which 
were used as the working electrodes. Then the electrodes were dried at 120oC for 1h, and 
the electrodes before testing in the cathode solution were pretreated in a separated cell 
containing 0.5mol⋅L-1 H2SO4 to remove any possible surface contaminants and to ensure 
catalysts activity. Membrane conductivity was obtained by electrochemical impedance 
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spectroscopy (EIS) at a frequency range of 106Hz~1Hz with oscillating voltage of 5mV. 
The test device was locked by 10cN⋅m, and immersed in ultrapure water (18MΩ) using 
two-electrode tests. All the electrochemical experiments were performed using Autolab 
PGSTAT 30 electrochemical workstation and at ambient temperature. 
 
Results and Discussion 
 
Typical X-ray diffraction spectra of Nafion® 112 membranes before and after Pd 
modifications with different depositing time are shown in Fig. 1. The small diffraction 
peak at 2θ of 40.16o was characteristic of Pd (111). The strong peak appeared at 2θ of 18o 
was the characteristic of Nafion membrane. The amount of Pd deposited influenced the 
surface morphologies of membranes as can be seen in Fig. 2. With the increase in the 
depositing time, the texture of Nafion 112 surface became coarse and rougher. 
 
To provide direct evidence for the presence of Pd, the high resolution TEM analysis 
was performed and the images of Nafion®112 after chemical deposition of Pd for 30 
minutes ((a),(b)) and 90 minutes ((c),(d)) are compared in Fig. 3. The black and small 
particles with nearly the same sizes (< 40nm) seen in Fig. 3(a) were Pd metals which are 
embedded in the Nafion®112. A more closer examination in a dark particular particle 
shown in Figure 3(a) revealed that this Pd particle was formed by the accumulation of 
several smaller granules, as evident in Fig. 3(b), suggesting that more granules are 
accumulated on the darker regions in Fig. 3(b). In addition, the granules might form a 
three-dimensional structure, the TEM images obtained were those observed from x~z or 
y~z only, the black and gray areas reflected that the granules had an asymmetric 
distribution. The Pd particles grew to about 60nm after chemically depositing Pd into 
Nafion 112 for 90 minutes as can be seen in Fig. 3(c). The Pd clusters were formed 
locally in the presence of Pd metal atoms as evident in Fig. 3(d). Similar structures were 
observed for other Pd-modified Nafion 112 samples prepared with different depositing 
time. 
 
To determine the chemical states of Pd, the depth profiles of Pd were obtained by 
XPS analysis for the Pd-modified Nafion®112 membranes at the surface and at 5nm and 
500nm, respectively, away from the surface. Figure 4 displays the XPS spectra of Pd 3d 
for Nafion 112 with 120 min Pd modification. The corresponding chemical states and 
compositions of Pd were determined by deconvolution of XPS spectra and the results are 
summarized in Table 1. 
 
TABLE I.   The chemical species of Pd 3d determined from XPS data 
Binding energy(eV) Depth 
3d5/2 3d3/2 
Species Composition Ratio 
335.2 340.4 Pd 0.545 
336.3 341.6 PdO 0.269 surface 
337.8 343.4 PdO2 0.185 
335.3 340.3 Pd 0.293 
336.2 341.2 PdO 0.438 5nm 
337.8 343.2 PdO2 0.269 
336.2 341.4 PdO 0.522 500nm 
337.9 343.3 PdO2 0.478 
 
It was observed in Fig. 4 that two Pd peaks (Pd 3d) appeared in the region of 333-346 
eV and can be assigned to Pd 3d5/2 and Pd 3d3/2, respectively. Possible Pd species such as 
metallic Pd, PdO and PdO2 were suggested by deconvolution of the peaks. As seen in 
Table 1, at the surface, the deposited Pd was presented mainly as metallic Pd with the 
composition ratio of 0.545, small portion of Pd oxides were also presented as PdO and 
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PdO2 with the ratios of 0.269 and 0.185, respectively. The ratio of Pd decreased from 
0.545 to 0.293, while the ratios of Pd oxides increased from 0.269 to 0.438 for PdO and 
0.185 to 0.269 for PdO2 at the 5nm away from the surface. The Pd oxides became 
dominant and no metallic Pd was found at 500nm away from the surface. The XPS data 
indicates that Pd existed mainly as oxide forms inside of  the Pd-modified membranes. 
 
The glass transition temperatures (Tg) were determined by DMTA measurements and 
the results of Pd-modified with different depositing time including no Pd-modified 
Nafion 112 samples are compared in Fig. 5. The values of Tg were the maximum 
temperatures at the tanδ-T curves. It is evident that the Tg values remained virtually 
unchanged with Pd chemical modification. 
 
The proton conductivity determined by EIS technique and the methanol permeability 
determined by CV technique are plotted against Pd depositing time in Fig. 6. It is 
apparent that the proton conductivities increased first with Pd depositing time increased 
then remained basically unchanged as depositing time further extended. On the other 
hand, the methanol permeability reduced notably with Pd depositing time increased, 
suggesting that Nafion 112 with Pd chemical modification significantly improved both 
methanol permeability and proton conductivity. For example, the membrane deposited 
for 120 minutes could prevent methanol crossover effectively, methanol permeability 
decreased 61.6% while the proton conductivity reached 0.123S⋅cm-2. The high proton 
conductivity and great methanol inhibition behavior observed from Nafion 112 with Pd 
chemical modification might be attributed to the metallic Pd present in the surface with 
Pd oxides formed inside of the membranes. The Pd is well known a good catalyst for 
proton oxidation, while Pd oxides are good semiconductors which might impede 
methanol crossover but still active for proton transport. Due to the limited numbers of 
experimental data obtained in this investigation, further study is currently going on to 
provide a more comprehensive understanding in the confirmation of this explanation. 
 
Summary and Conclusions 
 
Chemical deposition of palladium on commercial Nafion®112 membranes were 
carried out for different depositing time, namely 30, 60, 90 and 120 min. The Pd 
nanoparticles impregnated in the membrane with a metal cluster structure. With longer 
Pd deposition, the Pd clusters became larger. the metallic Pd form was presented mainly 
at the surface of Pd modified Nafion 112, while the Pd oxides existed inside of the Pd 
modified Nafion 112. This structure and composition improved not only the proton 
conductivity, but also greatly reduced the methanol permeability. The methanol crossover 
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Figure 2.  Surface morphologies of Nafion®112 membranes deposited with Pd for 
different time (a) 30min. (b) 60min. (c) 90min. (d) 120min. 
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Figure 4.  XPS spectra showing depth profiles of Pd 3d core level for Nafion®112 
membrane modified with 120min. Pd deposition. 














Figure 3.  Cross sectional HRTEM images of Nafion®112 membranes modified with 
Pd for 30min.(top) and 60min.(bottom) (a),(c) an overview of Pd sites embedded in 
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Figure 5.  DMTA data of Nafion®112 membranes with and without Pd deposition 
 



















Figure 6.  Proton conductivity and methanol permeability of Nafion®112 
membranes with and without Pd modification. 
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